Introduction
Virus diseases of Allium sativum are widespread all over the world (Mohamed & Young, 1981) . As garlic plants are propagated vegetatively, these diseases are responsible for significant losses in yield and deterioration of quality. Many reports have described the causative viruses of garlic diseases (Cadilhac et al., 1976; Delecolle & Lot, 1979; Bos et al., 1978a, b) but there remains a need for clarification.
In Japan, two types of rod-shaped flexuous viruses have been detected in garlic plants (Lee et al., 1979; Sako, 1976 Sako, , 1978 . Each of these viruses has been classified into the potyvirus and carlavirus groups based on their morphological and cytopathological properties. The potyvirus, which is termed garlic mosaic virus (GMV) is thought to be the causative agent of garlic virus disease, whereas the carlavirus, termed garlic latent virus (GLV), can infect garlic systemically, but causes no apparent disease symptoms. Recently, it has been reported that double infection by GMV and GLV results in more severe symptoms than those arising from a single infection with GMV (Sako, 1989) , which indicates a possible synergistic relationship between these viruses in the development of disease. However, GMV and GLV have not been biochemically or physically analysed, and there is no information about their interrelationship.
In this paper, we describe some physicochemical properties of the rod-shaped flexuous viral RNA genomes and cDNA clones, as well as comparisons of gene organization and virus gene products with those of other plant viruses. Finally, we present evidence of garlic plant infection by a third type of virus other than potyviruses and carlaviruses, as well as the possibility 0001-1604 0001- © 1993 that this virus has never been classified and may belong to a new group of plant viruses.
M e t h o d s
All molecular biological manipulations were performed essentially as described by Sambrook et at. (1989) unless indicated otherwise.
Virus purification and viral RNA preparation. Virus was partially purified from garlic leaves showing typical mosaic symptoms according to the method described by Mohamed & Young (1981) for the purification of garlic yellow streak virus. Virus yields (970 gg/kg fresh garlic leaves) were estimated from the A2s 0 of purified preparations, assuming E0.1% = 2.5.
Nucleic acids were extracted from partially purified viruses with hot phenol/SDS (Hari, 1981) and purified by multiple phenol~:hloroform extraction, lithium chloride and ethanol precipitation. Thirty-two gg RNA was obtained from 1.6 mg of purified viruses.
Labelling of the 3" end of virus RNA. The 3' ends of viral RNAs were labelled with cytidine 3",5'-[5'-c¢-~P]bisphosphate ([c~-32P]pCp) using Escherichia coli T4 RNA ligase according to the manufacturer's instructions (Takara Shuzo Co.). Three lag of viral RNA in 0-5 M-HEPES pH 7"5 containing 20 mM-MgC12, 3.3 mM-DTT, 6 laM-ATP, 0.01% BSA and 10 % DMSO was incubated with 50 units ofT4 RNA ligase in the presence of 70 laCi (2.59 MBq) [~-32P]pCp at 5 °C for 6 h. Thereafter, labelled RNA was purified by phenol-chloroform extraction, Sephadex G-50 chromatography and ethanol precipitation.
Analyses of viral RNA. The M r of the viral RNA was estimated by means of 0.8 % agarose gel electrophoresis under denaturing conditions with 2.2 M-formaldehyde. The presence ofa poly(A) tail was determined by binding the labelled RNA to mAP [poly(U)-bound diazothiophenyl] paper (Takara Shuzo Company). The [0¢-3~P]pCp-labelled RNA was dissolved in 10mM-Tris HC1 pH 7.5 containing 1 mM-EDTA and 0'5 M-NaC1. Samples of 10 gl were spotted onto mAP paper (1 x 1 cm), washed twice with 4 ml of 10 mM-Tris-HC1 containing 1 mM-EDTA and 0"5 M-NaC1 for 5 min and then with 4 ml of 70 % ethanol for 2 min. After air drying, the bound RNA was extracted from the mAP paper by soaking in 300 lal of H20 at 70 °C for 5 rain. The radioactivity in the extracts was measured using a liquid scintillation counter.
cDNA synthesis and cloning. Double-stranded cDNA was synthesized using the cDNA Synthesis System Plus (Amersham) and ligated to 2 gtl 1 through an EcoRI linker, which was then transfected into E. coli Y1090 using the Lambda in vitro Packaging Kit (Amersham) according to the manufacturer's instructions. The recombinant phages that formed white plaques were selected and propagated in 5 ml of Luria broth. Phage DNA was purified using the methods recommended by Amersham. cDNA inserts were excised from the recombinant phage DNA by EeoRI digestion and then religated to pUC 118 or pUC 119 (Takara Shuzo Company) and subcloned.
Results

Electron microscopy observation of virus particles
The morphological properties of virus particles purified from garlic were examined by electron microscopy. Rodshaped flexuous particles approximately 700 nm in length were observed (Fig. 1) . Each particle was morphologically indistinguishable. It was difficult to determine whether the virus preparations employed here contained a single or several species of viruses, including GLV and GMV. Fig. 1 . An electron mlcrograph of garlic virus particles. Virus particles partially purified from garlic leaves that showed typical mosaic symptoms were stained with 2% uranyl acetate and were observed using a Hitachi H-300 electron microscope. Bar represents 1 pro. * Poly(A) RNA purified from human gastric tumour tissue and TMV RNA were positive and negative controls respectively for the presence of a poly(A) tail.
Properties of viral RNA
The size of the single species of viral RNA was determined by 0"8 % agarose gel electrophoresis under denaturing conditions in the presence of 2-2 M-formaldehyde to be about 10 kb (Fig. 2a) . The presence of a poly(A) tail in the viral RNA was determined by a binding assay using mAP paper and the results are shown in Table 1 and Fig. 2(b) . At least 30% of viral RNA appeared to bind to mAP paper as shown by the ratios of the recovered to total applied radioactivity, which was comparable to that of poly(A) RNA purified from human gastric turnout tissue (Table 1) . Fig. 2(b) shows that a 10 kb RNA was specifically trapped on mAP paper, indicating that the 10 kb viral RNA contains some poly(A) tracts. From these results, we concluded that the viral genomic RNA was 10 kb in length and polyadenylated at the 3' end.
Cloning and sequencing of viral cDNAs
Recombinant plasmid DNA containing cDNA inserts was purified and labelled with [~-32P]dCTP by means of the Nick Translation System (Amersham), then used as probes for Northern blot hybridization of viral RNA. We selected a total of 14 cDNA clones that hybridized to 10 kb viral RNA and studied them further by means of cross-hybridization and restriction digestion. Finally, four independent cDNA clones designated GV-A (2962 bp), GV-B (3047 bp), GV-C (1372 bp) and GV-D (2071 bp) were selected. Partial sequencing of both the 3'-and 5'-terminal regions confirmed that all of them are independent of each other and contain poly(A) tracts at the 3' ends (data not shown).
The nucleotide sequences of the four representative and independent cDNA clones, GV-A, GV-B, GV-C and GV-D were determined by the dideoxynucleotide chain termination method (Sanger et al., 1977) . The sequences of the 3'-terminal regions of 2962, 3047, 1372 and 2071 bases in GV-A, GV-B, GV-C and GV-D were deposited in the DDBJ database with the accession numbers Dl1157, Dl1158, Dl1159 and Dll160, respectively.
Organization and interviral homologies of the Yterminal portion of each garlic viral genome
We examined the coding capacities of the 3'-terminal regions of each cDNA. As illustrated in Fig. 3 , their genomic organization was essentially identical. The 3'-terminal open reading frame (ORF) encoded a 15K protein, which was preceded by a 27K ORF and, in the case of GV-A and GV-B, at least two additional upstream ORFs of approximately 40K and 11K were present. The deduced amino acid sequences of all the ORFs were very similar and showed 52 to 67-7 % identity for the 15K protein, 59.4 to 78"3 % identity for the 27K protein, 34-6 % identity for the 40K protein and 52 % identity for the 11K protein. In addition, the nucleotide sequences of the 3' non-coding regions of these genomes are also highly conserved (about 76 % identical). These results indicate that these four viruses are closely related, but distinguishable. Next, we compared the proteins encoded in each ORF with the other viral gene products reported so far at the amino acid sequence level, in order to determine the possible function of each protein. The results are shown in Fig. 4 , 5 and 6. As shown in Fig.  4(a) , the 15K protein contains the zinc finger core-like sequence CX2CXTHXC, where X is any amino acid (marked by asterisks in Fig. 4a ), preceded by a basic amino acid cluster (shown in bold letters with underlines in Fig. 4a ) including the characteristic serial arginine residues in the central portion. These characteristic sequences are present in other plant virus-specific proteins (Sehnke et al., 1989) . Furthermore, a zinc finger protein is encoded by a putative 3'-terminal ORF in carlaviruses and tobraviruses (Rupasov et al., 1989; S. Sumi, T. Tsuneyoshi and H. Furutani Cysteine and histidine residues that constitute a zinc finger core-like sequence are marked by asterisks, and a characteristic serial basic amino acid cluster is shown in bold type with underlines. (b) The amino acid sequence similarities between a putative 1 IK protein encoded by the 5'-terminal ORF within the sequenced region of cDNA of garlic viruses and the corresponding 12K protein of PMV or PVM. Amino acids marked by asterisks constitute a conserved GGXYXDGT/SK motif commonly found in the corresponding 12K to 14K proteins of carla-, potex-, furo-and hordeiviruses. Amino acids of the garlic virus 11K protein in common with the 12K proteins of PMV and PVM are indicated in bold type with underlines. Gaps were introduced for maximum alignment. The numbers in parentheses refer to total amino acid residues of proteins including the N-terminal Met. Morozov et al., 1989; Haylor et al., 1990) as well as in the garlic viruses. Recently, Gramstat et al. (1990) demonstrated that a 12K protein in potato virus M (PVM) binds both single-and double-stranded viral nucleic acids and they suggested a regulatory role for the protein during virus replication. The putative 15K protein of the garlic virus may also act as a nucleic acid-binding protein necessary for the regulation of viral RNA replication. The 11K protein encoded in the Y-terminal region of cloned cDNA showed significant identity with the corresponding 12K protein of papaya mosaic virus (PMV) or PVM (Rupasov et al., 1989) , which is predicted to be membrane-associated (Fig. 4b) . The similarity was particularly high in the amino-terminal and central regions of the protein, including the three characteristic serial proline residues at the amino terminus and the GGXYXDGT/SK (X is any amino acid) sequence motif (marked by asterisks in Fig. 4b) found in the conserved hydrophilic domain of the corresponding 12K to 14K proteins of potex-, carla-, furo-and hordeiviruses (Forster e¢ al., 1988; Morozov et al., 1989; Beck et al., 1991) , although T/S is replaced with N in garlic viruses. The 27K protein, which was encoded in the second ORF from the 3' end, contained a common amino acid sequence that is conserved in coat proteins (CPs) of several types of rod-shaped and filamentous plant viruses Dolja et al., 1991) as shown by asterisks in Fig. 5 . Furthermore, the 27K protein showed significant amino acid sequence similarity to CPs of carlaviruses and potexviruses. Approximately 16 to 22 % of the amino acids were identical to those of the CPs of carlaviruses potato virus S (PVS; Mackenzie et al., 1989) , lily symptomless virus (LSV; Memelink et aL, 1990), PVM (Rupasov et al., 1989) and Helenium virus S (HelVS ; Foster et al., 1990) . The similarities between the 27K proteins and CPs of potexviruses were relatively high, between 19 and 30 % of amino acids being identical to those of the potexviruses lily virus X (LVX; Memelink et al., 1990), potato virus X (PVX; Huisman et al., 1988) , potato aucuba mosaic virus (PAMV; Bundin el al., 1986) , narcissus mosaic virus (NMV; Zuidema et al., Sit et al., 1989) . The calculated size based on the deduced amino acid sequence was also comparable to the apparent size of virion CPs observed in SDS-PAGE (data not shown). These results indicate that the 27K protein is the viral CP. On the other hand, the 40K protein (Fig. 6 ) encoded in the third ORF from the 3' end did not show any significant similarities to any other plant viral gene products reported so far.
Phylogenetic implications based upon the comparison of viral gene products
The genomic organization and comparison of viral gene products described above suggest that these garlic viruses cannot be classified into any known groups, although they are closely related to carlaviruses and potexviruses which have been suggested to form a 'supergroup' by Rupasov et al. (1989 ), Memelink et al. (1990 and Koonin (1991) . In order to confirm our hypothesis that garlic viruses constitute a new virus group, we examined the phylogenetic implications of this by comparing the viral gene products as reported by Dolja et al. (1991) and Koonin (1991) . Fig. 7 shows a cluster dendrogram obtained from a CP sequence comparison of garlic viruses, as well as those of some representative carlaviruses and potexviruses. Garlic viruses had a distinct domain and this was clearly separated from the domains of both potexviruses and carlaviruses.
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Discussion
Rod-shaped flexuous viruses were partially purified from garlic leaves showing typical viral disease symptoms. The length of the purified viral particles was about 700 nm, as determined by electron microscopy. Denaturing agarose gel electrophoresis and mAP binding assay of the viral genomic RNAs revealed that they were about 10 kb in length and that the 3' end was polyadenylated. These properties suggested that the purified viruses belonged to the carlavirus or potyvirus groups according to some previous reports (Lee et al., 1979; Sako, 1976 Sako, , 1978 . We analysed the viruses at the molecular level and cloned four species of garlic virus cDNA referred to as GV-A, GV-B, GV-C and GV-D. Sequencing of these cDNAs revealed that at least four potential ORFs were present in the 3' portion of the viral genomic RNA and that these viruses were closely related, according to their genomic organization and the similarities in the deduced amino acid sequences of their ORFs. However, the amino acid sequence identity between the CPs of these viruses was nearly 60 % except for that between GV-A and GV-D (78"3 %). Recently, Shukla & Ward (1989) suggested that potyviruses can be identified and classified by their CP amino acid sequence. They show that distinct members of the potyvirus group exhibit sequence identities of 38 to 71%, and strains of individual viruses have identities of 90 to 99 %, judging from computer analyses of CP sequence data from 20 strains of nine distinct potyviruses. On the basis of these findings, the four viruses isolated from garlic, although belonging to the same virus group, are distinct. This conclusion is supported by the finding that none of these cDNAs cross-hybridized (data not shown).
We then compared the genomic organization and the In addition, the phylogenetic tree of the garlic viral CPs revealed a distinct domain, which is sharply separated from those of both potexvirus and carlavirus CPs (Fig. 7) . These facts support our conclusion that the four species of viruses detected by cDNA cloning constitute a hitherto unclassified new group of plant viruses which are closely related to, but different from, carlaviruses and potexviruses. Furthermore, the garlic viruses appear to be relatively more ancestral than both the carlaviruses and potexviruses. We have also cloned and sequenced two other types of garlic viral cDNA. The genomic organization and amino acid sequence of the putative gene products, according to the nucleotide sequence of the 3: regions, confirm that these viruses belong to the carlavirus and potyvirus groups, respectively (S. Sumi, T. Tsuneyoshi, S. Kasuga & H. Furutani, unpublished). However, the results of Northern blot hybridization suggested that the incidence of carlavirus and potyvirus in garlic in Japan is much lower than that of the new type of virus described here. The same results were obtained at different growth stages of garlic plants exhibiting mosaic symptoms (data not shown). These results suggest that this new type of virus may be responsible for the symptoms in garlic plants observed in Japan. The potyvirus we have identified in garlic is most probably onion yellow dwarf virus, which is known to infect garlic plants at a very low frequency in Japan. However, both the potyvirus and carlavirus could have been selectively excluded by the purification procedure used here so we are currently examining this possibility in serological and hybridization experiments.
